OSS. We have also used this technique to specifically
Introduction growth factor receptor (EGFR), coded by the DER gene as another downstream target of Nrg activity during During nervous system development, axons extend in axon guidance. highly stereotyped pathways toward their target cells
In this work, we have focused our genetic analysis on and frequently navigate along complex cellular environthe role of Htl, DER, and Nrg during axon guidance of ments. It is clear now that axon growth cones simultanea subset of adult head sensory neurons. Ocellar pioneer ously use multiple cues in these complex environments (OP) and bristle mechanosensory (BM) neurons differenin order to pathfind correctly. Specificity of pathway tiate side by side in the dorsal head of pupae but project selection is provided to growth cones by the recognition in divergent pathways toward different targets in the of attractant and repellent cues, either of which can brain (García-Alonso et al., 1996). The cause of this difbe contact mediated or diffusible (reviewed in Tessierferent projection pattern seems to reside in the way OP Lavigne and Goodman, 1996; Mueller, 1999). Cell adheand BM axons initially interact with the epithelium of the sion molecules (CAMs) can mediate axon guidance by head. OP axons grow along the epithelial surface but homophilic or heterophilic molecular interactions bedetached from it. OP axons, which are forced to grow tween the growth cone and the substrate. In addition, attached to the epithelium, usually follow a path corre-CAM function should be transduced in the modulation sponding to the BM trajectory (García-Alonso et al., of cytoskeletal dynamics inside the growth cone (re-1996; Speicher et al., 1998). In this paper, we refer to viewed in Suter and Forscher, 1998). It has been shown the set of OP and BM neurons as the ocellar sensory in vitro that several vertebrate CAMs (NCAM, L1, and system (OSS). Two features make the OSS a good model N-Cadherin) function to modulate the activity of the fifor the study of axon guidance. First, only three cell broblastic growth factor receptor (FGFR) during axon types are involved in interactions during axon guidance: extension (Williams et al., 1994; reviewed by Doherty OP, BM, and epithelial cells. In the OSS, glial cells assoand Walsh, 1996), indicating that these molecules could ciate and enwrap the axon fascicles only well after the function as regulators of cell communication rather than axons have extended (García-Alonso et al., 1996). Second, the process of head eversion prevents OSS axons as simple specific "glues." Inhibition of the activity of from using the epithelium and the extracellular matrix as the FGFR by the expression of a dominant-negative form alternative substrates to reach their normal brain targets (DN-FGFR) prevents axon extension stimulated by L1 (García-Alonso et al., 1996). We have used the GAL4/UAS technique (Brand and provide Htl function during embryogenesis and larval cells. However, since axon alterations (albeit with a weaker penetrance) were also obtained with neuronlife in htl mutants and, therefore, to be able to study specific GAL4 drivers (elav-GAL4 and nrt-GAL4) and not its requirements during axon guidance in the OSS. To with an epithelial driver (MS1096), we conclude that the analyze the role of Nrg, we have used the thermosensiHtl requirements described below are neuronal. The tive allele nrg 3 , which permits a bypass of the embryonic phenotype produced by the expression of DNHtl suglethality at the permissive temperature and, therefore, gests a specific guidance defect. We did not observe allowed us to examine the mutant phenotype at later alterations in the number or position of sensory organs larval stages by shifting to the restrictive temperature.
or neurons, which markedly contrasts with the phenoAll three molecules (Nrg, Htl, and DER) are required type produced by the expression of DNDER using the by OSS axons to make the initial choice of substrate same GAL4 drivers (see below). selection. In addition, they are also later required at the In the wild-type pupae before head eversion, OP axcorresponding choice points where OP and BM leave ons extend in a groove along the head epithelium toward the internal side of the head epithelium to project to the their targets in the brain, but, as they do so, they remain brain. Our results are consistent with a scenario in which free of attachment to the epithelial surface. (García-Nrg functions upstream of both Htl and DER during OSS Alonso et al., 1996; Figure 1C ). This type of in OP and BM, and nrt-GAL4, in OP) or OSS neurons and alteration was present in four of nine sca-GAL4/ϩ;UASpupal head epithelium (MS1075 and sca-GAL4). Although DNHtl/ϩ individuals before head eversion and was inthe phenotype differed with respect to penetrance and creased to seven of seven individuals when using two expressivity, all driver constructs promoting DNHtl exdoses of the UAS-DNHtl construct. After head eversion, pression induced similar types of abnormalities in OSS this alteration results in an OP nerve that projects away axon guidance. The strongest phenotypic penetrance from the epidermal surface inside the head and reaches and expressivity was obtained with sca-GAL4, which an ectopic position (sometimes terminating in the fat tissue in front of the brain) ( Figures 2D and 2E) . The third promotes expression in both OSS neurons and epithelial phenotypic class (type c) includes the BM axons. These epidermal surface (type e, as in Figure 3E ). These alterations in the trajectories of OP and BM axons in DNHtlaxons always initially extend in the correct orientation, but, when reaching the appropriate choice point just OSS suggest a general failure of sensory axons to make correct decisions at choice points where they must dedorsal to the antenna, they fail to detach from the epidermis and fail to cross and project to the brain. Instead, cide which substrate to follow (attach or not to attach to the epithelium) or when they must change substrates they turn on themselves or on other converging BM axons and project backward ( Figure 2F ). Remarkably, to project to the brain (to continue along the head or to cross toward the brain). these BM axons can sometimes perforate the epithelium and project outside of the head, in the space between Using a second type of approach to attempt to circumvent htl mutant embryonic lethality, we introduced a the old pupal cuticle molt and the newly deposited adult cuticle ( Figures 2F and 2G Figure 3D ) or extending abnormally separated from the different htl mutant backgrounds. We used a twist-GAL4 Figure 3) . The axonal alterindividuals described before ( Figure 2H and Table 1). ations are similar to those found in mutant conditions for htl (see Table 2 have a rescued nrg phenotype. While gain-of-function conditions produce some mild phenotype on their own The OSS axon alterations previously described in the loss-of-function condition for nrg are similar to the phe-(type a ϭ 2%, type c ϭ 0%, type d ϭ 2%, and type e ϭ 10%; n ϭ 50; pooled data for -Htl, using drivers scanotypes of htl. These results are consistent with the idea that Nrg could function in axon guidance by modulating GAL4 and MS1075; see Discussion), they nevertheless are able to reduce the expressivity (Htl ϩ and -Htl) and the activity of Htl. ever, despite the fact that the expression of DNDER can result in loss of sensory organs in the OSS (S. Romani et al., unpublished data), we were able to examine the rons). Therefore, although the expression conditions were milder for DNDER than they were for DNHtl, the relative axon guidance phenotype by raising the flies at 17ЊC, which allowed some differentiation of OSS neurons. In penetrance of the different types of OSS axonal defects were clearly different. This result suggests that, although these conditions, DNDER individuals show the same type of OSS axon alterations as DNHtl and nrg 3 (see both RTKs are required during the same axon guidance processes, they exhibit some degree of specificity. ; see Table 2 and Figure 3F ). In addition, a during axon guidance is dependent on the activity of reduction of 50% in the amount of DER function (top/ϩ) the FGFR coded by htl. Moreover, we identify another acts as a dominant enhancer of nrg phenotype (p Ͻ 0.01 RTK, the EGFR, as a parallel downstream mediator of for type c and p Ͻ 0.05 for type e alterations; see Table  Nrg 
